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ABSTRACT

MEMS-based microcantilevers have been proposed for a variety of biological and
chemical sensing applications. Measuring the magnitude of microcantilever deflection due to
adsorption-induced bending, and following the variation in the resonant frequency of the
microcantilevers due to the adsorbed mass are two techniques commonly employed for sensing
analytes. Apart from possessing a high level of sensitivity to small changes in mass,
microcantilevers are also very sensitive to small changes in temperature and hence the flow of
heat. One way of achieving high sensitivity in thermal measurements is by using a bimaterial
microcantilever and measuring its deflection as a result of thermal fluctuations. Commercially
available piezoresistive microcantilevers are an example of bimaterial cantilevers and in this
study, we propose the use of such cantilevers for sensing explosives. We show that sensing can
be accomplished by following the differences in the thermal response of the cantilevers
introduced by the presence of explosives adsorbed from the vapor phase onto the surface of the
cantilever. We discuss the issues involved in determining the sensitivity of detection and
selectivity of detection.

INTRODUCTION

Real-time detection of explosives is important for practical applications ranging from
passenger baggage-screening to the disarming of landmines. With their compactness and
potential low cost, detection techniques based on Silicon-based Micro Electro-Mechanical
Systems (MEMS) provide a path for the development of miniaturized sensors. One method for
detecting explosives is through the detection of vapors in equilibrium with the solid explosive
[1]. To design devices that would detect explosive chemicals such as TNT through detecting the
presence of their vapors, a detailed understanding of the physical chemistry parameters involved
in vapor transport, knowledge of the diffusion coefficients, molecular sticking coefficients and
vapor pressures over non-ideal solid solutions are all of importance[2]. In addition, detailed
knowledge of the interaction of such explosive vapors with exposed surfaces is of interest. For
example, it would be of interest to know how much vapor would adsorb and stick to the sensing
surface over a certain period of time under typical conditions at which the sensor would be used.
Although data are available on the long-term adsorption and desorption of vapors such as TNT
from surfaces of soils [3], very little data is available on the short-term behavior related to
surfaces that would be common in MEMS. This information along with the known minimum
detectable quantity would determine the time necessary for detection. In addition, knowledge of
the relative affinities of different surfaces to these vapors would help in designing surfaces that
would maximize sensitivity while minimizing detection time.
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One characteristic of explosives that make detection of vapors difficult is their very low
equilibrium vapor pressures at room temperature. For example, it is very well known that for
TNT, this is in the range of ppb. at room temperature. Under conditions where dilution is
possible, such as in an open atmosphere, it is expected that the vapor pressures will be in the of
ppt. range [2]. Hence the technique used to measure the adsorption of TNT onto surfaces has to
be sensitive to measure small changes in the amount of adsorbed analyte. Various studies in the
past have shown that MEMS-based microcantilevers can be used for a wide range of chemical
and biological sensing applications with very high level of sensitivites {4-8]. It has been
demonstrated that sensing using cantilevers can be established either through the measurement of
changes in its resonant frequency or through the measurement of bending induced by changes in
surface stress. Resonant frequency changes are caused by the adsorption of the analyte onto the
surfaces of the cantilever with a resultant change in the overall mass. On the other hand, bending
is induced in the cantilever when the two surfaces of the cantilever have different affinities for
the analyte which results in differential adsorption. Prior studies shown that pg-level mass
resolution can be achieved when cantilevers are used for sensing changes in mass using the
changes in the resonant frequency of the cantilever [8]. Selectivity in these experiments is
achieved by coating one of the two surfaces of the cantilever with a chemical that interacts
preferentially with the analyte of interest. Chemicals, self-assembled monolayers, and polymers
have been used in previous studies to achicve selectivity [7,9].

In the current study, we present a method that uses uncoated piezoresistive cantilevers as
the sensing element. We follow the adsorption and desorption of TNT from a Si/SiO;-surface
exposed to the vapors using the variation in the resonant frequency of the cantilever, During
adsorption, the resonant frequency of the cantilever decreases due to an increase in mass while
the resonant frequency of the cantilever increases during desorption since the total mass
associated with the cantilever decreases. After the desired amount of TNT has been adsorbed
onto the surface of the cantilever, the microcantilever is rapidly heated to induce reactions on its
surface due to the presence of TNT. We show that the response of the piezoresistive cantilever to
an applied voltage varies with the amount of TNT adsorbed on its surfaces. We discuss how this
methodology can be used to selectively detect TNT. This technique is versatile since such
studies are conducted with “real-surfaces” and at ambient conditions.

EXPERIMENTAL METHOD

Figure 1 shows a schematic of the experimental setup. The setup used for the
measurements was designed to follow the time-dependent behavior of the microcantilever using
light reflected from the surface of the cantilever. A red solid-statc laser was used as the light
source while a two-quadrant Position Sensitive Detector (PSD) converts the reflected light signal
into a voltage that is proportional to the position of the light incident on the detector.
Commercially available piezoresistive microcantilevers were used for these experiments since
the piezoresistive layer can be used as a heating element to rapidly heat the cantilever. Figure 2
shows a Scanning Electron Microscope image of the commercially available microcantilevers.

To follow the changes in resonant frequency, the piezoresistive microcantilevers were
driven using a speaker in the “feedback™ mode. It has been shown previously that this method of
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Figure 1. Schematic Showing Key Components of the Experimental Setup

excitation results in high-Q factors and hence better accuracy in real-time, fast data collection
[10]. In contrast to the case where the cantilever is driven using an external signal generator
source, this method is quicker since the cantilever is “self-tuning” and no external tuning of drive
frequency is necessary. The frequency response of the microcantilever was measured using a
high-speed digitizer /spectrum analyzer. The source of TNT vapor is a solid piece of TNT
positioned at a distance of about 2-3 c¢m directly beneath the bottom surface of the
microcantilever. The vapor pressure of TNT near the cantilever is varied by changing the
temperature of the solid piece of TNT placed in the oven. A shutter is used to control the start
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Figure 2. SEM Image of a Typical
Piezoresistive Micro cantilever used for
the Experiments.

and end of exposure. After the desired amount of
TNT is adsorbed on the cantilever (as indicated by
the change in resonant frequencies), a single square
voltage pulse of magnitude 10 Volts is applied across
the cantilever and the response of the microcantilever
to this voltage pulse is followed as a function of time.

RESULTS AND DISCUSSION

Figure 3 shows the variation in resonant
frequency of the microcantilever as a function of
time when its surface was exposed to TNT vapors by
opening the shutter. Before exposure to the TNT
vapor, the surface was cleaned by resistivety heating
the microcantilever. The temperature of the oven

175




containing the solid TNT was maintained at 66°C while the cantilever was maintained at room
temperature. This temperature of TNT was selected to enable adsorption of TNT onto the surface
of the cantilever over a reasonably short period of time. However, the technique can also be used
to monitor the adsorption of TNT at lower partial vapor pressures as would be observed when the
TNT is maintained at lower temperatures. Note that the frequency decreases as a function of time
and that the frequency changes fairly rapidly over a period of 15 minutes. This reduction in
frequency can be attributed to an increase in the total cantilever mass, showing clearly that TNT
adsorbs and sticks to the cantilever surface. From a knowledge of the mass of the
microcantilever, the frequency change can be correlated to a change in mass using the expression

Lty =, M

2
1

where fy denotes the resonant frequency before adsorption of TNT, f denotes the resonant
frequency of the microcantilever after adsorption of TNT, mj the initial mass of the
microcantilever, and 8m is the change in mass of the cantilever. The increasc in mass attributable
to the adsorption of TNT is calculated using equation (1) and an initial cantilever mass of 130 ng
and is shown on the right axes of the figures.

Figure 4 shows the variation in frequency after closing the shutter thus shutting off the
source of TNT vapor. Note that the frequency increases gradually and returns to its original
frequency over a period of over six hours indicating that the TNT that had adsorbed previously,
desorbs from the surface of the microcantilever. It is important to note that desorption does occur
under ambient conditions. Also to be observed are the relative values of the time-scales for
adsorption and desorption. Note that under typical ambient conditions, it takes a relatively long
period of time (many hours) to desorb the few nanograms of adsorbed TNT. ’

Figure 5 shows the response (voltage output from the PSD) of the cantilever as a function
of time to an applied constant voltage pulse along with the effect of adsorbed TNT on the
cantilever response. It should be noted that the settling time of the applied voltage is of the order
of a few microseconds while the microcantilever response time to reach maximum deflection
(for this particular cantilever) is of the order of 1 millisecond. Thus, thermal equilibrium between
the microcantilever and its surroundings and not the rate of application of the voltage affects the
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Figure 3. Variations in Cantilever Resonant Figure 4. Variations in Cantilever Resonant
Frequency and Adsorbed Mass as a Function Frequency and Adsorbed Mass as a Function
of Time During Exposure to TNT Vapors. of Time After the Removal of TNT Vapors.
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rate of temperature rise within the cantilever. The variation in output voltage as a function of
time shown in the figure can be understood based upon the structure of the microcantilever [11].
It should be noted that the microcantilever consists of a p-type Si-substrate and a p+-Si resistive
layer protected by a thin oxide layer. As current passes through the conductive layers in the
cantilever, the temperature of the microcantilever rises, and the microcantilever bends due to
differential thermal expansion coefficients of the materials comprising the microcantilever
(bimaterial effect). Since the coefficient of thermal expansion of Si (2.6x10°® /K) is much larger
than that of SiO; (4x10'7 /K), for a temperature rise AT, the microcantilever will bend towards
the SiO; side (downwards in this geometry) thus resulting in a negative voltage output from the
PSD as is verified experimentally from the figure.

Also evident from figure 5 is the effect of TNT in modifying the response of the
cantilever. Note the presence of inflections in the curve even with small amounts of adsorbed
TNT, with the inflections becoming enlarged to a clear maximum (a bump) with increasing
amounts of TNT. This is illustrated clearly in figure 6, which shows the difference between the
response of the microcantilever with and without adsorbed TNT for three different quantities of
adsorbed TNT. Calculations show that the area under the difference curve is proportional to the
amount of TNT adsorbed onto the surface of the cantilever. Thus, the effect of the presence of
TNT is clearly manifested in the response of the cantilever to the heating pulse.

In summary, we have shown that explosive vapors such as TNT can be adsorbed onto
microcantilever surfaces and detected through their influence on the bending behavior during
rapid heating of these microcantilevers. Important factors to be considered in using this
technique for detecting TNT are sensitivity and selectivity. Ability to detect about 70 picograms
of TNT present on the cantilever has already been demonstrated while improvement in this value
can be achieved by modifying the design of the cantilever. It has been observed that a minimum
applied voltage (and hence cantilever temperature) is necessary to observe the responses shown
in figure 5. This provides an avenue for obtaining selectivity in the detection of TNT vapors.
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Figure 6. Differences Between the
Responses of the Cantilever to the Applied
Voltage in the Presence of Varying Amounts
of TNT.

Figure 5. Effects of Varying Amounts of TNT
on Cantilever Response to the Applied
Voltage.
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Preliminary analysis of the nature of the response shows that the observed effect is duc to an
exothermic reaction on the surfaces of the microcantilever in the presence of TNT. Further work
is in progress to understand the mechanism by which the cantilever response is modified in the
presence of TNT.

CONCLUSIONS

Feasibility of detecting explosives such as TNT through detecting their vapors with
piezoresistive microcantilevers has been explored. Experiments clearly show that TNT vapors
adsorb onto the microcantilever surface and modify the response of the piezoresistive cantilever
to an applied voltage pulse that heats the cantilever. Further work is needed to map out regimes
under which selectivity can be achieved in detecting TNT vapors and to establish the
mechanisms of interaction and detection.
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